Recently, an aziridinium lead iodide perovskite was proposed as a possible solar cell absorber material. We investigated the stability of this material using a densityfunctional theory with an emphasis on the ring strain associated with the three-membered aziridinium cation. It is shown that the aziridinium ring is prone to opening within the PbI 3 environment. When exposed to moisture, aziridinium lead iodide can readily react with water. The resultant product will not likely be a stoichiometric lead halide perovskite structure.
Introduction
The power conversion efficiency of perovskite solar cell surpassed 24%
1 only a decade after the first report of a perovskite solar cell. 2 However, the lifetime of perovskite solar cells is still constrained by instability issues. 3 Environmental factors such as moisture, 4 ultraviolet light, 5 oxygen, 6 and thermal stress 7 are believed to be the major causes for degradation of perovskite solar cells. The vulnerability of perovskites is related to the intrinsic instability of lead halide perovskites 8,9 and CH 3 NH 3 PbI 3 in particular. This challenge inspired a search for intrinsically stable perovskite materials with promising photovoltaic properties.
The ionization energy of the cation on site A in a general perovskite structure AM X 3 can be used as one of indicators for predicting stability of hybrid halide perovskites. 10 Cations with a lower ionization energy tend to form more stable perovskite structures. Zheng and Rubel 11 proposed a new perovskite material that features a three-membered ring cation, aziridinium CH 2 CH 2 N + H 2 (Azr + ) shown in Figs. 1(a) and 2(a), with the ionization energy lower than methylammonium (MA). According to first-principle calculations, 11,12 the decomposition reaction
is energetically unfavorable. Thus, AzrPbI 3 was proclaimed to be more stable than MAPbI 3 , 11 which inspired follow up theoretical studies.
cyclopropane, the C C C bond angle of 60
• is far from the ideal 109.5
• for bonds between atoms with sp 3 hybridized orbitals. A reduced hybridization between orbitals weakens the C C bonds making three-membered rings prone to opening. 19 In the case of aziridine, the ring-opening reaction is even more favorable because amide anions are better leaving groups than carbanions.
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The neglect of the Azr + ring-opening effect in our previous study 11 puts into question the feasibility of the proposed AzrPbI 3 structure as a potential photovoltaic material. Here we use a density-functional theory (DFT) to further investigate stability of the Azr + perovskite.
We show that the Azr + ring-opening and its reaction with water hinder synthesis of the previously proposed perovskite structure of AzrPbI 3 .
correlation functional. Dispersion interactions were incorporated at the DFT-D3 level.
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Calculations were performed with Vienna ab initio simulation program (VASP) and projector augmented-wave potentials. [29] [30] [31] A conjugate-gradient algorithm was used to achieve ion relaxation by minimizing forces below 2 meV/Å together with the cell shape and cell volume relaxation. Monopole, dipole and quadrupole corrections implemented in VASP were used to eliminate leading errors and acquiring accurate total energies of all charged ions.
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The cut-off energy for a plane wave expansion was set at 500 eV. The total energy convergence was set at 0.1 µeV.
A Γ-centred grid was used to mesh the reciprocal space of solids. The mesh density was set at 25 points per 1 Å −1 length of their reciprocal lattice vectors. A single Γ point was used for all gas-phase molecules.
Results and Discussion
Aziridinium ring opening inside the PbI 3 framework The Azr + ring strain within PbI 3 framework was evaluated as the total energy difference
where E(c-AzrPbI The hexagonal phase has a lower total energy by approximately 0.1 eV/f.u. (Fig. 3) , which is within the DFT-PBE uncertainty and is of the same order as the final temperature corrections to the enthalpy and entropy of hybrid halide perovskites. 9 The energy difference is, therefore, not conclusive to establish the room-temperature phase of open-ring AzrPbI 3 with certainty.
The band gap of open-ring cubic and hexagonal structures of AzrPbI 3 was calculated at the DFT-PBE level without taking spin-orbit coupling into account. This approach yields a reliable estimate for the band gaps of halide perovskites due to cancelation of errors coming from the DFT semilocal exchange-correlation functional and omission of relativistic effects. 37 The open-ring cubic and hexagonal structure have the band gap of 1.6 and 2.1 eV, respectively. The band gap of the hexagonal structure is too far from the optimum range of 1.1 − 1.5 eV for single-junction solar cells set by the Shockley-Queisser limit.
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Aziridinium ring opening without maintaining the PbI 3 framework
Next we address stability of an open-ring AzrPbI 3 phase. We investigate three decomposition pathways which feature the Azr + ring opening and rupture of the PbI 3 framework. The first structure is a linear polyethylenimine, the product of a suggested polymerization shown in Figs. 1(f) and 2(c). The second structure is 2-iodoethanamine shown in Fig. 1 (g) and 2(d), generated under a halide nucleophilic ring-opening reaction. The third structure is 2-hydroxyethylammonium iodide shown in Fig. 1 (h) and 2(e), which is a water-induced product serving as the mean of testing the water resistance. The most favorable product, which features the lowest total energy, shall be determined via DFT calculations.
Aziridinium polymerization
Aziridine in acid medium generates Azr + which undergoes polymerization with aziridine thanks to its minimum steric hindrance 39 leading to a branched polyethylenimine as a product. 40 Due to the high similarity in chemical structure and similar thermodynamic/kinetic feasibility for polymerization with aziridine, we assume polymerized product of Azr + is similar to the polymerized product of aziridine, a linear polyethylenimine.
Here, we choose to calculate the total of energy of linear polyethylenimine shown in
Figs. 1(f) and 2(c) due to its simple structure and compatibility with periodic boundary conditions imposed by VASP. The linear polyethylenimine shares a similar chemical structure to branched polyethylenimine. The decomposition pathway is
where AzrPbI 3 (s) refers to the hexagonal open-ring phase. The total energy of products in this reaction is 1.5 eV above the total energy of AzrPbI 3 (s) (Fig. 3) . This result rules out the polymer chain as a viable decomposition product.
Halide nucleophilic attack
The Azr + ion can be considered as an activated aziridine, which easily undergoes ringopening reaction depending on nature of nucleophiles. 
(g) and 2(d).
The corresponding decomposition pathway can be expressed as
The total energy difference of products in this reaction is 0.8 eV above the AzrPbI 3 hexagonal open-ring phase (Fig. 3 ). This result shows 2-iodoethanamine is not a favorable product for the decomposition reaction. Silva The reaction with water can be expressed as
The total energy difference for this reaction is 0.8 eV in favor of the right-hand side (Fig. 3 ).
This result indicates that the open-ring AzrPbI 3 is unstable in the moist environment.
Conclusion
Stability of a recently-proposed aziridinium lead iodide perovskite was investigated using density-functional theory. The work was motivated by a high ring strain associated with the three-membered aziridinium cation. We show that opening the aziridinium ring within the In an open-ring configuration, the aziridinium lead iodide would likely adapt a hexagonal structure rather than a perovskite structure. However, the total energy difference between 
